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TH IRTERMINATION OF ABSOLUT® DIRRCTIONS IN SPACE
WITH ARTIFICIAL SATELLITRS:

by

George Veia2

/dl—/‘t‘a

Abtstract.--The Smithaonian Astrophysical Observatory hss modified
tke Baker-Nunu cemeras to perform simultanecus observations. When only
two statione are involved in simultaneous observing, the directions in
an absolute system of reference of the line comecting the tvo stations
can be determined. Fifty-six pairs of simultaneous cbeerwations between
sti*iong Villa Dolores, Argentim; Arequipa, Peru; Curagac, Netherlands
Antilles; Jupiter, Plorida; end Organ Puss » Nev Mexico, indicate that an
accuracy of better than 1" of arc car be expected. HuTeoe

1’1‘111: vork vas supported in part by grant NsG 87-60 of the Natiomal
Aeromautics and 8Space AZministr=tion. ,

%Smithecnian Astrophysical Observatory; and the Netional Technical

Uaivesrsity, Athens, Greece.




Introfuction

If artificial satellites are used as triangulation points and simule
taneous observetions are made; a space triangulation scheme 1s possible
and peraits a three-dimensional determination of the position of a station.

To perform, however, a spsce triangulation with only angular mesasure-
ments, we need Jjust as in the case of a regular two-dimensional triangu-
lstion, a baseline tov give the scale, as well as the coordinates, of at
least one point to be used as the origin. To orient a two-dimensiomal
triangulation we also need the orientation of the beseline (or any other
line}. In a three-dimensiomal triangulation in which absolute directions
have been observed, the space orientation of the whole net is obtained
sutamatically, but the scale can be determined only if at least one
distence is known. Buch & distance can be either thet between two ground
stations, obtained by classical methods of triangulation, or that between
one etation and the satelllte, obtained by direct range measurement. The
position for all the unknown stations will, of course s be obtaired in the
same reference system in which the cocrdinates of the origin are given
(Veis, 1960).

If the reference system is defined by the coordinates of only one
point (that of the origin), its orientation by a consistent system of
directions (the same as tiat used for the observations) and the scale is
given by one baseline; the reference system is uniquely determined. If
there is more than one imovn station in the space triangulation net,
their coordinates must be consistent with the system of directions used
for the obeervations, and with the unit of any pcssible distance measure-
ments .

If only tvo knovn stetions are involved in a three~dimensiocnal tri-
angulation, the scale will, of course, bs defined uniquely by the distance
between the stations as obtained fram tleir coordinates, but the direction
of the line comnecting the two stations must be consistent with the systen
of directions used for the observations (Veis, 1963). .

The Smithsonian Astrophysical Observatory has modified the Beker-
Kunn cameras to perform simultaneous cor, more correctly, quasi-simultane-
ous oteervations. Eowever, the loccations of ard distances between the
stations of the net do not easily purmit simultaneocus visibility from
three stations of satellites now in orbit.




If only two stations at a time are involved in such & scheme, no
solution is possible for the relative position of the one station with re-
spect to the other. In this case, we can casily prove that the _
sol'rtion vill be the equation of the line that connects the two stations.
8ince the simultaneously cbserved directions to the satellite will refer
to an absolute and universal system, the equation of the line will also be
in that same system. Therefore, although the position of the wknown .
station cannot be determined, the direction of the line connecting the
known and the unknown stations cen be cbieinea (Kukkamaki 1959).

The above has a rather simple gecmetrical interpretation, which offers
a simplev graphical solution for the directions. '

The geametric interpretation

In figure 1, let A be the known station, B the unknown station, and
S the i-th position of & satellite when a paiy of simultanecus observations
vas mede. Furthermore, let p «;1 be the observed directions from statims
A and B, respectively, expmsaed in direction cosines in a nonrotating
terrestrial system. The vectors p and q define a plane that can be de-
fined by the normel vector v

B'qu'

- -

B  pair of simultaneous observations defines a plane. The inter~
section of such planes will give the line that coonects the stations A and
B.

L. T be an approximate positicn for the unknown station B, and let
@ be a plane perpendicular to the line AB at B. REvery pisne, defined by
& prir of simultaneous otservations, will intersect thi: plane along a
line 4 (fig. 2). Two paire will give tvo lines Wy and , that vill inter-

sect at the correct position of B on the plane o, i.e., tle intersectim
of the correct directions AB with the plane @, if no errors in the obse va-
tioms are assumed.

It is obvious that in the case of the two observed pairs, the
direction of the line comnecting the two stations will be

2ot

‘vhere p, and g, are the normal vectors of the two planes.



If we bave more than two pairs of simultaneous observations,and there are
umavoidable errors in the ohservatione, all the lines will not intersect
at the some point ard an adjustment wili be needed. »

Iet & and } denote the vectors in tie terrestrial system that define
A and B, end let T de the vector b-c. If the position B is correct, and
we assume no errors in the cheerved directions, thenn « ¢ = O, or
{gﬁ] = 0, since p, ¢, and T would be coplanar. Hovever, since B is at an
erroneous position. p, ¢» § ¥ill not bs coplapar and n . € § O; then let
R’ * & =, the cosine of ‘».angie betvesn g s T, (° and 3° being the unit
vectors of n snd ) Since this angle 1s very close to 90°, ¢ vill be the
nnnangls_bemn“émdtb phmdeﬁmdhygmd&, 1f ve assume this

plane to pass from point A. The distance of the plane from B will ther be
e=1.sing, vhere A = |E] 1s thr distawce bstween A and B; or

¢=5 2’ . This vill aleo be the distance of B from the 1ine y on the

Plane @ . To obtain the orientation of i , we introduce a right-hand
refererce system 1 centared at B and oriented so that the 3-uxis will be
purallsl to § (the 12 plane coincides with the ® plane) armd the 2-axis

vill be on tke plane of & ani }.

Ist 51,!2,5, denote the three axes in the terrestrial system.
Bence

b8
51'ﬂ3i3| ‘%"'.."
Ul R W
“,
£e2n




vhere

g= 3;354 = 82/ -
12 3 .
& & & -

If d and B are the angles of n vwith tlnglmd& exes, respectively,
c“a-so"h’
lina-go‘b-cmﬂ .

Ve can also say that

cos O

sin a .92 »

-..l.‘:

The egintica of the nuulum,meﬂnmu

(cos a,) ¢1+(ch3'1) 32-01 .




We have already mentioned thet all the lincs will not intereect at
the same pcint because cf the different 9.1ors in the obsarvations. We
mmmmmumxmwmmw
mmmumumwmmmmmm. He cox find the
most probedle point eitder graphically, by Mlotting the differeont iines

mmﬁmperﬁthsnmlso&,mlzlwommnmmmm

that is ciose to the ceatroid of the resultent polygon; oxr amalytically,
wgm-smaammmemimﬁu&Mwn
cording to the method of indirect obaerwatiocms. In the iatter casa, ¢the
error ellipse on the w pluoe can also be cdtained.

The equation of each line should enter in the sclution vith a drf.
rmtwdmmmmutnmwaamnmm.
Tais will depemd, firet, or the aocurecy with which the obserations hevs
besn mede, and second, mtbauhotthmunctimg_am o Ac~
cordingly, the weight of esch ctservetion should be the sine of sxugle
of the two vectors p and g, which is nothing else than Ip x qf.

- This veighting factor, bowever, bolds only If we acswme that the
cbeervations are perfectly stmultanecus. If an error is intended for the
MMW,&MMWWMMMM, depend~-
mmmmwwdmummummmm@ofm
& vector. és 1t w11l be proved later, this contribution is negligible
et of the time.

Coce the most probable position (33;, gﬁ) of B on the ® plane has been
deteramined, the direction of 4he line AB can be obtained. If the direction

of AB is known, the corrections 61, 62, 83 winn be approximately
61 e
. 52 = g! g

83

C NO

o

,mtbectherhand,thevalmsofgimdggcmahandyumddmct-

ly since, with a high degree of accuracy, g: will be & correcticn to the
height of the station (more precisely, &2 cos g, vhere ¢ is the geosantric
angle of the two stations), and 5;/8 a correction to the aszimith of AB.




The us: of Juari-similtanc . observations

Strictly simultaneous cbservations can be obtained by observing a
flashing sate.lite with very uzimple ground equipment. In the case of
tracking a passive satellite, the ground equipment is necessarily com-
plicated in onler to attain perfect synchronizatiou for the shutter
operation of the camerss involved, This can be achieved by connecting
the camera-control systems with a ground w/’re, so that they will be -
activated by the same signal. The connection can a8lso be made by a radio
signal, but in tiais case the variation of travel time for the radio sig~-
nal might be an important source ¢’ errur, umounting to a few milli-
aeconds,

The Beker-Nunn camera net can be synchionized for simultaneous ob-
servations by means of the WV time signal. The clock at each station is
syuchronized with the emitted WWV signal by correcting Lhe received sig-
nal by an average value for the travel time. The camera's cycle-driving
mechaniam is also synchronized by the standsrd frequency of the same
quartz crystal that runs the clock. The cameras then are set 80 that the
shutters will be activated at an exactly predetermined time. This method,
however, is not fully automatic when used with Baker-Nunn cameras, and its
success depends considerably on the observer's skill. With weil-trained
observers, we could expect & simultaneity within one or two milliseconds ’

- if the WWV reception is favorable at each of the stations involved.

However, if the observations are made in sequence end at ejual inter~
vals not exceeding a fraction of a minute » strict simultaneity 12 not
necessary, since 14 is possible to interpolate the aprarent position of the
satellite from the series of observaticng. In the case of the Baker-Nunn
cémeras, an exposure is taken every 1, 2, 4, 8, or 26 seconds, deperding
a the velocity and brightness of the satellite; the k-seccea interval is

- Indeed, the apparent orbit of an artificial satellite iz quite saooth
in an interval of l\ess than a minmute. The short=period perturbations wris-
ing fram the even zomal marmwnics do not have =ny apprecia®le variations
ir this rether short intervel, anl it is only the very high-order tesseral
harmonics that might influence the notion of the sateliite in this inter-
val. Another pussible source of disturbance might be that of a variable

drag, 1f the satellite {s tumbling fast and is acymmetric. Such an effect
_cen be evoided Ly using N spherical satellite tlat also has a high perigee;

in that case the drag effect will be small.



A third-degree pclyncmial in time for the apparent position is » in
gencral, sufficieny to fit the observed directicns for a period up to a
minute or 80, and In most cases a second-degree is satisfactory, since
with actuel obeervations made at precisely equsl intervals the second
differences are constant within the nolse that should be expected from
the random errors in the observations. Hen :, if the syachronization is
not perfect and ve determine “post mortem" the divergence from simul-
tareity, we can interpolate from the series ur ohservations made at station
B and fin. the vosition thint would correspond &t the time the cbservation
vas made ..om station A {see fig. 3a). Instead of interpoleting for the
exact ti 2 of a specilic observation from one station, we can interpolate
for any selected time in both sets of observations, Preferably the time
that corresponuds to the mid-point of the two times at the two stations
(fig. 3b). This method has the further sdvantage of reducing the random
erroré in the observations since both interpolated values represent a mean
value from a set of observed quantities, provided the orbit is smooth.

A _test of the method

To test the method described above, the Smithsonian Astrophysical
Observatory started in 1961 to experiment with this technique. The Pakere
Nunn cameras were modified for synchronized exposures, and the observers
vere trained in this operation.

As a first experiment, ve attempted simultaneous cbservaticns between
the stations of Arequipa, Peru, and Villa Dolores, Argentina. These
ststions vwere selected for various reasons. The distance between them is
one of the shortest in the Baker-Nunn systea, which permite more favorable
satailite pm wes, and the stations lave a fairly reliable timing system,
the recepiion of WWY signels being quite good. The Villa Dolores station
is cconected to tle Argentina dstum, but not to the North American datum,
tc whick tic “requipa station and the other American stations have been
tied. Thus. although th distance between the two stations is small, we
could expect a rather large uncertainty in the relative position of the
Argentinian station, and therefore an izproved determination of position.

Satellite 1961 81 (the J2-foot belloon) was selected as the target
because o the good images we obtained for this object, and because of its
spharical shape and its high apogee.

A special ephemeris bmd to be mmde for this test. The overlapping
period during which the satellite was vieible fram both stations was first
determined. Depending on the length of this period, ones or more seriss
of observations were predicted ani the camera settings for each series
vere computed and sent to the stations. The cemmerss v :re then symchron-
ized so that the shutters would open almost sim.ltane cuely with the emite
ted WWV signal, ’ :




.
(
?

The films vwere precisely reduced at the Smithsonian Astrophysical
Observatory in Cambridge (see Veis, 1%1) to provide observations of high
accuracy. The only difference froam tre routine reduction on octher satel-
lites was tlat a2ll frames in the ovwer.apping period were reduced srd used
for the interpolation.

Arcut 70 percent of the predictions sent to the stations did not
result, in observations, owiig mainly to weather problems and to walfunc-
tion of ndnor cquipment. Scue 40 percent of the ercs actually photo-
graphed could not be reduced to the needed acruracy becuuse of tinming
Problems and, occasio-ally, poor image qualits. These statistics » however,
are based on a rather limited amount of data.

After the first successful sets of simultaneous observaticns werv.
obtained from Peru and Argentina, the stetions in New Mexico, Florida,
and Curegao participated in this test. Thus we hed a chain of lines,
whose directions can be determined in an absolute system, from New Mexico
to Argentlia. In eddition to satellite 1961 81, we alzo used Setellite
1961 adl, but to a lesser extent. Four paire of simultaneous observations

on satellite ARNA, the flashing geodetic satellite, have also been included
in this test,

The reduction of the observations

The observed directions of Baker-Nunn camere cbservations, or mther
their interpclated values, are expressed in right ascension and declination
referred to the equator and equinox of 1950.0, while the times are given
in the A-1 (atomic time) system (Veis, 1961b}. These directiorns have to
be cor-rerted to a fixed-earth, or terrestrial, system to be used according
to the method described sbove. It is important to emphasize that the
final direction obtained for the line connecting the two stationes wili be
in the same terrestrial system ss the one used to reduce the chserved
directions.

The series of observed positions G, &, from each station waz used to
interpolate for the fictitious simultaneocus observations from the two
stations. The positions obteined vere corrected for (a) the aberrational
effect caused by the velocity of the satellite, and (b) the parallactic
refrartion, or the difference between the amount of refraction of the star
background and the satellite. Both corrections were made in the manner
described by Veis (19€0). An approximate ephemeris of the satellite was
used to give the range of the 3stellite since the accuracy needed is only
of the order of 100 km. In the case of flashes of satellite ANNA there
wvas no correction applied for aberration since the observations refer
to the time of the flash.




The corrected values for & and & give true geometric directions exe
preasgsed in the celzstial system. Their reduction to a terrestrial system
was made accoriing to the methods described by Veis (1963). The a's and
4's were converted to direction cosines and then premujtirlied three timce
by the appropriate watrices for the effect of the precessior, the nutation,
and the rotation of the earth. This was done according to equation (19)
of Veis (1963). However, the small effect of the actuel motion of the
pole on the earth's surface was not taken iuto account at this stage since
the accuracy of the over-all work did not require it. The maximum effect
is only 2 meters.

The sidereal angle was computed in accordance wit:k the U.S. Naval
Observatory Bulletins that give the relation between A-1 and UT-1l.
However, since the UT-<1 glven in these Builetins refers to the meridisn of
Washington, it had to be rediuced to the meridian of Greenvieh usirg the
nomizal longitude of A = 5b 0B8R 158720y ador.’d by the U.5. Naval Observa-
tory starting 1962, All obeervations made i. 1961 were reduced to the
new longitude.

Results obtained

25 pairs of successful sirultaneous observations were used between
the stetion at Arequipa (9007) and thst at Villa Dolores (90:1) ; 13 be-
tween the staticn st Kew Mexico (9001) and that at Florida {9010); eight
between the station at Curagao (9009) and that at Florida (9010); and 10
betwveen the atation at Arequipa (9007) and tkat at. Curagao (9009). Of the
total of 56 pairs used, 35 refer to observations of Satellite 1961 81 made
during the period June 1961 to March 1962, Seventeen pairs refer to ob-
servations made on satellite 1961 adl during the period May 1952 to July
1962, Finaliy four peirs bet*ren stations New Mexico ang Florids refer to
fleshes of ANNA made November 1T7th, 1962. Tha four lines corresponding to
those observations are indicated by an P on the graphb.,

The graphs giving the position lines on the o Planes for the deter-
mination of the directions of the four lines connecting the above-mentiocned
pairs of stetions appear in figures 4 to 7. The most probable position
for the intersection of the lines chtained by a least-squares approxime-
tion, as well as the assoclated error ellipse, are shown in each graph.
Thre2 different thicknesses are used for the lines in the graph to indicate
the different weights of each lire,

Table 1 summarizes the results obtained and gives the following
information: ,

=10~




1. assumed direction coeines E; a® the line connecting the two

stations referred to t;e geodetic system (Vels, 1961a) and based on the
following coordimtes.

Statica X {4n mm) Y (in mm) 2 (in m)
9301 ~1.535746 -5.167221 3.401154
9007 1.942732 -5.804281 -1.79679%2
9009 2.251811 «5.817127 1.327282
9010 ‘ 0.976289 ~5.601609 2.880357

2. assumed length |G| of the line connecting the two stations based
on the above coordinates;

3. the number v of the position lines wsed for the determination of
intersection;

k. the coordinmates 31 and 32 of the most protabdble point for the
0 o

intersection of the lines on the ® plane as obiained from the least-squares
spproximation, which is the seme with the relative displacement of the
second station with respect to the f£irst on the ® Plane ;

2. the standard deviation of unit veight o, of ome pair of observe-
tions on the w plane; it is obtained from the discrepancy from a unique

intersection of the position lines and corresponding %o two lines inter-
secting at right angle.

6. the semimajor a and semlminor b axee of the error ellipse on the
o plane, as vell as the angle 0 hetween the semimajor axis and 8, axis;

these three quantities give indirectly the variance-covariance matrix of
the solution;

7. the correction to the azimuth AA, of the line connecting the two
stations «nd the relative correction of the slevation AH, of the second
station with respect to the first » and their standard deviations;

8. the corrected direction cosinee ci for the line ccmmecting the

two stations after the adjustment.

380.: mincr corrections were made later on some of the coordinates glven

in Spscial Report No. 59. The values used are given to eliminste any
ambiguity.

-n-
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9007 - 9011
+0,1850854
+C. 48711154
=0.8534998

1.826232 mm
25

=130 + 10m

-86 £+ 13m

+ 2om
(1.2 x 1077)

12.6m

6.Ta

102% -
+1427 & 078
«85 & 13m

+0.1850041

+0. 4871405
«0.3535031

Table 1

9001 = 9010
+0.9654362
~0.1669459
=0.2001550

2.601959 mm
13

+15 ¢ 5
«10 £ 12m

+ lim
(0.5 x 10™°)

12.,8m
4.3m

8007

«171+ O%4

«10 & 12m

+0.9654376
=0,1660387
"00 20015“4

9007 - 9099
+0.0984531
-0.0040919
+0.9951323

3.139352 mm

+2T ¢+ T
«23 ¢ 3

+ 9m

(0.3 x 10™°)

7.0m
2.6m
60623

=178 £ 075

-2 + 3m

+0,0084426

«0,00L408T9
+0.9951344

9009 -~ 9010
~0.6310564
+0.2066262
+0.7683740

10

<5+ Om
+20 4+ 20m

+ 21n
(1.0 x 10%)

20.4m
8.6m
98%
=05 + O
+20 + 20m

=0,6310519
+0.106618L

+0.7683787




Discussion of the results and general remsrks

Of the determined directions for the four lines, only the one belween
stetions 9007 ard 9011 was determined from a sufficient number of observa-
tions to be of any value; the rest give only an indication of what can be
obtained in the rear future,.

The correction obtained for the assumed direction of the line 9007-
9011 1ndicates that the adopted value for the position of the Argentine
station, which 1s based on zerc deflection of the vertical at the origin
of the Argentine Datum, was not correct, at least with respect to the
North American Datum (NAD). BHowever, this res:lt depends not only on the
adopted dsflection of the vertical at the origin of the geodetic systems,
but also on the parameters of the reference ellipsoid used to connect the

reality sufficiently well, and the use of a reference ellipsoid with
a=6378165’mandf-#—3-, vhich 1s believed to be mich closer to the

ideal one, reduces tic total correction to about one-fourth, The position
of the w plane of station 9011 as obtained with the abo—e reference ellip-
sold is 1odicatec as A in figure U4,

The existence of corrections obtained for the a/i0pted direetions
between stations 9001 and 9010 and 9007 and 9009, 1f confirmed by addition-
8l new observations (the present solution is based on an insufficient :
pumber of observations) camnot be explained by the use of an erronecus
reference ellipsoid, since all stations are connected to the same North
American Patum. The only explanation will be either that the NAD is not
consistent &8 a net and the local errors introduce an erroneocus orientation
for the different lines, or that the orientation of the KAD as a whole is
not correct. We assume here no error for the coenection of the stations
to MAD, and the altitude of the stations above the geoid.

According to AMS Techrical Report No. 27 (AMS 1959), tbe uncertainties
in the horizontal relative positions between stations 9001 and 9010, 9010
and 9009, snd 9009 and 9007 are 9, 10, and 16 meters, respectively, and
the corrections obtained so far are of the same order, Hence, even if the
present results were final, they could not prove any systemstic error for
the orientation of the NAD. However, when fina) results have been obtained,
they can certainly be used to improve the existing triangulation net of
the RAD.

“13-




If each obeerved direction from each station hes an uncertainty of

z 2" (10"5), assuming that this is a random error and we ignore the uncer~
tainty in time for the reduction to simultaneity, the orientation of eech pisne

vill be determined vith an uncertainty of ¢ 2" V2 = £ 3" (1.5 x 10™),
In addition to other sources of errors, we should expect R final uncer-

tainty of less than + 4" (£ 2 X 20™7), much of which will be of & random
character. Combining e sufficient numdber of such planes (or position

lines) we can expect & £inal uncertainty of + 1" (0.5 X 10'5), or better.
This rezult, however, 1is besed on the assumption that there are no sources
of important systematic errors. The results obtained for the line
9009-9011 agree well witk the above, and prove also that the Baker-Nunn
observations are indeed accurete to ¢ 2".

- 8ince the satelilites can be observed only while above the horizon
(1n prectice, 15° above), we should expect that th» planes, and thus the
poaiticn lines, will intersect within an angle not exceeding 120°, and
most of the time & little more than 90°. Hence we shopld expect to

obtein the position of tre unknown station along the g~ &xis less saccurete-

ly than that slong i g'. Similarly, this method will determine the

relstive leights vith much less sccurecy than it will the azimuths. This
is quite odviovz in the case of the line 9007-9011 where the semimajor -
axis of the_ error ellipse is oriented, practically spreking, along the g*.

If ows of the tvo stations is known and connected to a datum and the
other is unknown, the determimation of the sabsolute direction of the line
comnecting the two stations gives valuable information even though it does
oot solve the entire problem. Since this method cen give ths absolute
relative hiights between two points, it is possidle to cosnect geoids
viere a direct commection by astrogeolatic leveling is not foesible (£ig. 8).
Except for the grevimetric mothod, this is actuslly the only msthod tiat
cen comnect geoids separated by a largs water gap.

- Whea the direction of two lines connscting an wknown stetion vith
two known stations is devarmined, the position in space of the wnlmcwn
station can b3 found a5 the interwection of the two linss. In this case
the additiomal rest~iction, that the two lines should intervect, mwt also
be taksn into comsideretion., Or the position of the unknown station can

bs obtained as the mid-poinf; of the shortest distance batwean ths two 1inee,
vhich is the usual practice in photogremmetric eerial trianguistioa.
Fowever, in this cese there is no need to use this technigue since it is
possible to use dirvctly the thres-dimensioral triangulation scleme dee-
erited in Veis (1950).
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The determination of absolute directions in space with such a tech-
rique will be very useful to orient large triangulstion nets not only in
azimuth, but also in elevation in terms of geoid heights. These directions
will b2 much more effective in three-dimensicnal &@odesy than the lapiace
azimuths of classical gecdesy, since they give two camponents instead of
one, and refer to much longer lines.

The Smithsonian Astrophysical Obnervatory expects to continue this
method of quasi-eimultancous observation and extend it to additional lines
between other stations so that these directions could be uvsed for geodetic
orientation. A few lines so oriented in the Buropean datum could provide
an excellent basis for the orientation of the Nevw Buropean dstum.

Acknawhmm:s: Almoet all of the computing involved in éhis vork vas
done with remarkabjs care by ¥r. A. Girnius of the Smithsonian Astrophysi-~

cal Ob@ervatory. Mr. J. Rolff, now head of Station Opersutions, helped in
preparing the predictions for simultaneous obeervations. '




References

KUKKAMAKT, T, J L.
1959. Btellar tria.nsvnation. Bulletin Geodesique, no. 54, p. 53.

U. 8, ARMY CORPS (F ENGINEERS
1959. Amy Map Service Techuical Report Fumber 27, Us S. Army
© World, Geodetic System, 1959, part I: Methods, Project
. No. MO-Oll, November 1959,

VEIS, G.
1960. Jecdetic uses of artificial satelljies. Smithsonisn
Contributions to Astrophysi-~, Volume 3,

lﬁﬁ +Ie positions of the Baker-Naon cawers stations.
B &nhsamm Astrophys. Obs., Sy3scial Report No. 59, 5 pp.

19615.cnmcmxymm Ho. P-I,
Smithsoniar Astrophys. Obs., Specisl Repert MNo. 82, 28 pp.

1963, Frecise aspects of terrestrial and celestisul reference
framos. Suithscaian Astrophys. Obs., Special Report No.
123. Alsc in “Ihe Use of Artificial Satellites for
Oeodery” {in press).




FPigure 1

-17-







¢ amty

S3NTVA G3ILVIOdHILNI X
SNOILVAYISEO VNIV o

(q)

—e & NOILVLS

*% »- —e- —o— ¥ NOILVLS

o o - —e 8 NOILVLS
[ ]
.

-~ - ~— ¥ NOILViS




. PMgare b




1O0m /‘FF
NN/

\J /

coom DY /['.*»f oom

‘mm, !
b I
/ oo..\ \\\

Scale of arvor eilipee

DIRECTION 900! TO 9010




100m / /

0 10 20m
: | .

Scaie of srror elliss

DIRECTION 9007 TO 2009

Figure O




0] 0 Cm
bearnskona ol

Scaie of erroreallipse

DIRECTION 9009 T0 90:0

Pilaure 7

23




o am?
T

o u&g\’& ™





